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ABsTR9CT 

The basic  design of a prototype passive hydrogen maser fre- 
quency standard is very b r i e f l y  described and its unique features 
outlined- The latest results on its long-term s t a b i l i t y  and envi- 
ronmental s ens i t i v i t  wi1; be given- The present r e s u l t s  ind ica te  
t h a t  ay(f 1 < 2 x 10 
15000 s, 0 715000) 'b 1.4 x 10 . Over a fourteen-day period the 
rms daily &.me f luctuat ions was 2 ns while the least squares f 

which is within the measurement noise- These r e s u l t s  are p&icu- 
l a r l y  notworthy for those in te res ted  i n  clocks for timekeeping 
appl icat ions as they were obta-hed without temperature cont ro l  of 
any of the electronics  and only a s ingie  oven on t h e  cavity. Fur- 
t h e r  improvements i n  +&e electronics  including temperature s t a b i l i -  
zat ion of c r i t i c a l  control c i r c u i t s  should reduce t h e  da i ly  varia- 
t i o n s  by a facta= of five t o  t en  and also inpmve the already 
excel lent  long-term s t a b i l i t y .  

4 2  - 
'I: * f o ~ l p e r a g f n g  times between 40 s and 

to a linear frequency drift over the fourteen days was 6 x 10 -% /day, 

The design principles  i l l u s t r a t e d  by this prototype can also 
be used t o  realize a miniature passive hydrogen maser frequency 
standard with l i t t l e  compromise i n  long-term s t a b i l i t y  Ill. 

Fig. 1 shows the  Slock diagram of the present p r o t o t y p  passive 
hydrogen maser frequency standard. This prasent configuration is  inten- 
ded to show f e a s i b i l i t y  of achieving GPS specifications for  time keeping 
s t a b i l i t y  of 10 ns over a 10 day prediction period, and t o  a l l o w  monitor- 
ing of various parameters which might a f f e c t  i t s  performance. The micro- 
wave cavi ty ,  atomic hydrogen source, md magnetic f i e l d  configuration are 
similar t o  designs used i n  act ive masers. The 5 MHz crystal control led 
o s c i l l a t o r  is dis t r ibu ted  through f i v e  -120 dB isolat ion m p l i € i e r s .  
Three outputs are for measurement purposes and two drive i n t e r n a l  elec- 
t ronics .  The 5 14Hz signal  is phase modulated a t  12.2 kHz and 'L - 4  Hz, 
multiplied t o  1440 lmz and then nixed wi th  a synthesizer signgl t o  
produce ths hydrogen resonance frequency- The - 4  Hz phase modulation 
i l r O b C 3  the hy2.rogen resonance which produces amplitude nodulation a t  .4 
t fz ,  ti12 size of which is proportional t o  t h e  Erepency of€set between 
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the probe signal and the hydrogen resonance. This sigml is detected as 
. 4  Hz amplitude modulation of the 20 MHz signal- After mplification 
and filtering, this signal is demodulated to produce an error signal 
which is used to correct the frequency of the 5 MHZ oscillator. The 
attack time of this frequancy lock loop is typically a few seconds. 

In a very similar way the cavity detuning from the probe frequency 
is sensed by detecting the 12 kHz amplitude modulation on the 20 MHZ 
signal. This 12 kHz signal is amplified, filtered, and demodulated to 
produce an error signal which is used to correct the cavity frequency. 
Since the probe signal is automatically steered to the center of the 
hydrogen resonance frequency via the - 4  Hz servo, this produces a 
clean way of tuning the cavity frequency to ths hydrogen resonance fre- 
quency. The 12 kHz sidebands due to the phase modulation are -10 dB 
relative to the carrier and equal in amplitude to several parts per 
million. The signal-to-noise in the cavity servo loop is such that the 
cavity frequency can be detected w i t h  a resolution of 5 Hz in only a 
few seconds- The present servo attack time is 10 s which allows rapid 
correction of cavity offset dce to any environmental perturbation be 
it changes in pressure, aqing of the cavity coating, deformation of 
the cavity due to strain ar sudden shock, or even changes is cavity 
pulling due to changes of the cou2ling to the amplifiers. This cavity 
servo scheqe should have virtually no effect on the hydrogen resonance 
line due to the s m a l l  size of the 12 kHz sidebands and their high sym- 
metry &out the hydrogen resonance. 

The sbility of the cavity serm to correct for cavity changes is 
very clearly illustrated by Figure 2. The lower portion shows the cavity 
correction vs time after a l0C chacge in cavity temperature. The 
sensitivity is about 1 volt per 1 kHz change i n  uncorrected cavity fre- 
quency. The upper portion of Fig~=e 2 shows the frequency of the fully 
locked up passive hydrogen frequency standard over the $28 period of 
time. The frequency changed fractionally by about 7 x 10 due to a . 
..7OC change in cavity temperature over the period in which the data was 
taken. This corresponds to an open loop change o f  ut 700 Hz in 
cavity frequency. This fractional change of 7 x 10 is probably due to 
a combination of a change i n  the wall shift and the second order Dopsler 
shift, rather than an error in the cavity servo. Without the cavity 
servo the frequency would have changed fractionally by 'L These 
results mean that the cavity servo can correct for cavity changes of 
order 100 Hz or larger s d  still hold the perturbation to t h e  output 
frequency below 1 x 10- 
stability of the cavity approximately a factor of 100 compared to any 
present stand alone active cavity maser design. The required cavity 
tenqerature stability for the paTgive maser is determined by the second 
order Doppler shift of 1.3 x 10- /"C and the temperature dependence of 
thz wall shift. This limit is about 2 .070'C for  a fractional chanko of 
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Other pa rme te r s  which might a f fec t  the frequency of such a 
passive hydrogen maser are var ia t ions i n  hydrogen bean dens i ty  and 
var ia t ions i n  microwave power. Fig. 3 shows the  data taken t o  measure 
the  spin-exchange sh i f t .  1$ 33% increase i n  bean i n t ens i ty  produced 
a change of Similarly it was found t h a t  a EQange i n  
microwave power of -2 dB caused a s h i f t  of about 8 t 4 x 10- 
these e f f e f i s  are small enough t h a t  they should not affect the  stabil i ty 
on the  10- 
passive hydrogen maser f o r  2000 s < T < 2.9d was measured against  t w o  
high-performance cesium.tubes in a three-corner ha t  drrangement, i.e., 
three pairs of beat  frequency data w e r e  used t o  assign a s t a b i l i t y  t o  
each clock. See Pig .  4. 

6 5 4 x 10- . . Both 

l eve l  in the  f i n a l  design. The time domain s tabi l i ty  of the 

e 
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Figure 4 shows primarily that the  frequency s t a b i l i t y  of the 
passive hydrogen maser is substant ia l ly  b e t t e r  than t h a t  of Cs 324 and 
Cs 323, over t h e  region from 2000 s t o  64000 s- For example, t h e  data 
a t  2000 s and 4000 s, which have the  bes t  confidence, ind ica te  hat 
short-term stability of the passive hydrogen is % 6 2 27 x 10 
Unfortunately, there  just w a s  not enough time t o  take more data i n  
order to reduce t h e  uncertainty i n  the measurement- 

The data of passive hyclrogan versus NBS-6, one of our primary 

-13 -1FP - 

cesium s t a n d e s  is shown i n  F i  
of the  p a i r  is Q 2 . 2  x T' 
vides an upper l i m i t  on the s t a b i l i t y  of the  passive hydrogen and "-6. 
The long-rem frequency stability of the  passive hydrogen maser was 
assessed by com2arison against  the UTC (NEIS) time scale comprised of 
nine cesium standards including o w  pzknary cesium standards NBS-4 and 
NBS-6. The.5 MHz output from t h s  passive maser was divided down t o  1 
pulse  per  second and compared t o  a similar 1 pulse per  second t i c k  
originat ing from member  clocks of the time scale. Daily time differences 
were recorded with an accuracy of 1.5 ns.. I n  t h i s  way t h e  frequency 
of the  passive inaser a t  one-day and longer averaging times could be 
measured. Frequency s t a b i l i t y  plots  of t h i s  data are shown i n  Figs. 5 
and 6. The fractior?al frequency s t a b i l i t y  data is  shown a t  the bottom 
of Fig. 6 along with various notes of prevail ing experimental conditions- 
As noted t h i s  data w a s  taken over several 2ays following = l P C  change 
i n  cavi ty  temperature. The da ta  over the days 8-9 and 9-10 were anomalous- 
l y  l o w  and an examination of the various monitors indicated t h a t  the  
c rys t a l  oscillator servo loop was exceeding its dynamic range p a r t  of 
the time. 
The frequency then returned t o  its nominal average of the  first e igh t  days. 
The morning of day 14,  the laboratory suffered a short power outage which 
caused sose troubles i n  t he  e lectronics  and the analysis  was terminated. 

5. This da ta  shows t h a t  t h e  s t a b i l i t y  
(38 s C T < 15000 $1 and hence pro- Pr2 

The c rys t a l  o s c i l l a t o r  w a s  then re-set within its normal range. 

The square root of the Allan Variance derived fron tha data of Fig.6 
i s  s h o m  i n  Ficj. 5 [ 2 ] .  It i s  qui te  apparent that there i s  a more o r  less 
d a i l y  variation i n  tho frequency due t o  some env i romen ta i  influence, which 
i s  above: the level of white f requency  fluctuations expscted on the  basis 
of the data  from 38 s to 15000 s .  
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In spite of this, 
4 days it is 2.2k  1.8 
1 day, which acts like 
temperature control. of 
of the filters. At the 

the sfpility at 3 days is 8.4 2 5 x 10 -15 and at 17 .-;i 
'I x 10- 

some sort of phase modulation can be reduced by 
the critical servo control electronics and some 
present time none of the electronics is tempera- 

. It is expected that the noise level near 

ture controlled. A leasf6squares fit to the data of Fig. 6 yields a 
linear drift of 6 x 10- /day which is within the measurement noise of 
the two end points. From the frequency stability data of Fig. 6 it can 
be shown that the expected time keeping accuracy over a 10-day predic- 
tion period has a 1Cr uncertainty of  less than 10 ns. In fact over the 
8-day period where continuous data exists, the maximum time excursion 
was 4 ns usinq GI-A after tle fact average frequency, which of course 
can't be done for true time prediction. 

The long-term frequency stability data presented in Figs. 4 to 6 ,  
and especially the l o w  drift are to my knowledge, the best that have 
ever been documented for a sing12 stand alone hydrogen frequency stan- 
dard, and it is as good as t l a t  observed with multiple hydrogen masers 
which are autotuned against one another or against a separate hydrogen 
maser 13-71. 

This excellent long-term stability has been accomplished with a 
relatively stadard physics package - only the electronics design is 
new and it isn't even tenperature stabilized yet. Therefore, stabilities 
of this level or better could be achieved with many existing active 
masers by converting the electronics to the passive approach outlined 
in Fig. 1. The main requirement is that the cavity have 2 coupling ports. 

The ,bassive electronics will also be used wit5 a small dielectric 
It is expected that 10-day cavity measuring% 6" diameterlyd 6" long. 

stabilities exceeding 1 x 10- 
cavity. This coupled with the other advantages of the passive approach, 
e.g., l o w  hydrogen beam requirenents, should make possible a hydrogen 
maser of exceptional stability measuring less than 15" dia and 36" long, 

can also be achieved with the small 

Moreover it should be reiterated that the sensitivity of the passive 
hydrogen maser to environmental purturbations is greatly reduced over 
that of the present stand alone active masers because of its rapid active 
cavity control, the lack of threshold conditions on beam flux, and its 
ability via equalization of the populations of the three upper spin 
states, to greatly reduce the magnetic field inhomogeneity shift 
(Crampton effect) without reducing the safety margin above a threshold 
condition [l] . 

* It is a pleasure to acknowledge the assistance of H. Hellwig, 
D..P:. A l l a n ,  t1.E. Machlan, S.R.  Stsin, D.J. Kineland, D.A. Hows, 
H.E. Bell, and J. Valecja. 
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Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig, 5 

Fig. 6 

FIGURE CAPTIONS 

Block diagram o f  passive hydrogen maser frequency standard. 

Top: 

Bottom: 

B e a t  period between NBS-6 and passive hydrogen maser 
during temperature t r ans i en t  of 0-7OC. 

t ransient .  
Cavity correction during a 0.7OC temperature 

B e a t  period between passive hydrogen maser and NBS-6 a t  

5 MHz f o r  hydrogen pressure o f  4 - 1 1  Pascals (0.309 

Torr) and 5.47 Pascals (0.411 Torr) - 
S t a b i l i t y  p l o t  f o r  three concurrent beat frequencies between 
C s  323, C s  324, and passive hydrogen. This d a t a  w a s  then 
used t o  estimate an independent s t a b i l i t y  for the  passive 
hydrogen maser proto tGe.  
t o  provide a reference, 

The dotted l i n e s  are only shown 
The da ta  spanned 6 days. 

Summary of time domain s t a b i l i t y  f o r  the  present  passive 
hydrogen maser. The data vs. NBS-6 (38 s C 7: < 150 00 s) 
provides an upger linit for the  stability zf the passive 
hydrogen m a s e r .  The passive H estimate is from Fig. 4, 
while t he  s t b i l i t y  of the passive H maser vs- UTC(NBS) w a s  
calculatad from t h s  da ta  shokn i n  Fig. 6 .  See text. 

Top: Time e r ro r  of passive hydrogen maser vs- UTC(NBS) 
assuming an average frequency difference of 8900 ns/day 
( m s  time e r ro r  1-8 n s ) .  

indicat ion of various experimental conditions during 
the  14 days. 

Bottom: Rate of passive hydrogen vs. UTC(NBS). Note t he  
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